Mutations in the ataxia-telangiectasia (A-T)-mutated (ATM) gene give rise to the human genetic disorder A-T, characterized by immunodeficiency, cancer predisposition, and neurodegeneration. Whereas a series of animal models recapitulate much of the A-T phenotype, they fail to present with ataxia or neurodegeneration. We describe here the generation of an Atm missense mutant [amino acid change of leucine (L) to proline (P) at position 2262 (L2262P)] rat by intracytoplasmic injection (ICSI) of mutant sperm into oocytes. Atm-mutant rats (Atm L2262P/L2262P ) expressed low levels of ATM protein, suggesting a destabilizing effect of the mutation, and had a significantly reduced lifespan compared with Atm +/+ . Whereas these rats did not show cerebellar atrophy, they succumbed to hind-limb paralysis (45%), and the remainder developed tumors. Closer examination revealed the presence of both dsDNA and ssDNA in the cytoplasm of cells in the hippocampus, cerebellum, and spinal cord of Atm L2262P/L2262P rats. Significantly increased levels of IFN-b and IL-1b in all 3 tissues were indicative of DNA damage induction of the type 1 IFN response. This was further supported by NF-kB activation, as evidenced by p65 phosphorylation (P65) and translocation to the nucleus in the spinal cord and parahippocampus. Other evidence of neuroinflammation in the brain and spinal cord was the loss of motor neurons and the presence of increased activation of microglia. These data provide support for a proinflammatory phenotype that is manifested in the Atm mutant rat as hind-limb paralysis. This mutant represents a useful model to investigate the importance of neuroinflammation in A-T.
Introduction
A-T is a progressive neurodegenerative disease caused by a defect in the ATM protein [1, 2] . In addition to neurodegeneration, patients have a range of other phenotypes, including cancer susceptibility, immunodeficiency, increased respiratory infections, lung disease, and increased risk of diabetes [3] . This is a multisystem disease, and it remains unclear how loss of ATM function leads to the broad spectrum of symptoms observed in patients. However, activation of ATM by different agents and its localization to different cellular compartments have provided further insight into its different roles [4] . Radiosensitivity is a hallmark of this disease, which can be explained by a central role for ATM in the DDR [5, 6] . In response to DNA DSBs, ATM is activated by recruitment to the breaks by the MRN complex [7] [8] [9] . This process of activation involves post-translational modification, including autophosphorylation, but dependence on this varies from humans to mice [10] [11] [12] . Once activated, ATM phosphorylates multiple downstream substrates, including members of the MRN complex that play key roles in mediating the signaling response to the cell cycle, DNA repair, and cell survival [13] [14] [15] . It is increasingly evident that ATM functions more widely than in its response to DNA DSB. Its presence in the cytoplasm in neuronal and other cell types suggests a broader role-an idea that is supported by recent observations that ATM can be activated by oxidative stress [16] . Guo et al. [16] showed that H 2 O 2 treatment gave rise to intermolecular disulfide bond formation between 2 ATM monomers, producing an active dimer in contrast to that observed after ionizing radiation exposure, where monomerization of an inactive dimer led to ATM activation. Whereas ATM activated by oxidative stress phosphorylated p53 and checkpoint kinase 2, it failed to phosphorylate histone H2AX variant or Kap1, both of which participate in the DDR at the level of chromatin. More recent data describe phosphorylation of ATM-dependent cytoplasmic substrates in response to oxidative stress [17] . The rescue of several aspects of the phenotype in A-T cells and Atm 2/2 mice by antioxidants provides further support for a role for ATM in protecting against oxidative stress [18] [19] [20] . Biallelic mutations in the ATM gene in humans give rise to A-T, which is characterized in the majority of cases by progressive cerebellar atrophy, with slow development in motor skills by age 2-4 yr and cerebellar atrophy obvious in the first decade of life. However, there are also milder forms of the disorder that show onset either in later childhood or adulthood [21] . For example, leaky splice mutations generating a low level of normal ATM protein with ATM kinase activity, present as homozygous mutations or in combination with truncating or missense mutations, result in a later stage of onset and slower progression [22, 23] . The missense ATM mutation, thymine to guanine at nucleotide 7271 (valine to glycine change at aa 2424), present in the homozygous or compound heterozygote states, gives rise to normal levels of ATM protein with some ATM kinase activity and is associated with a milder form of the disease and increased longevity [24] . These and other patients with different missense mutations show evidence of symptoms, such as tremor and dystonia but not cerebellar ataxia [25, 26] . Missense mutations are also associated with adult onset A-T, and because of the mildness of symptoms, diagnosis occurs as a consequence of separate investigations, for example, cancer diagnosis [27] . It is of interest that distal spinal atrophy is a major feature in some of these patients [28, 29] . Therefore, it was important for us to study a missense rat model for A-T to provide a model for patients with this type of mutation, as even low expression of ATM may alter how A-T disease develops and progresses compared with a complete knock-out.
Multiple mouse models have been generated for A-T, and although all show some of the symptoms and cellular facets of A-T, none recapitulate the neurodegenerative phenotype [30] . A range of knock-out, knock-in, and point mutation-containing animals displayed radiosensitivity, infertility, immunologic abnormalities, and a cellular phenotype similar to that seen with A-T cells but not ataxia or neurodegeneration [31] .
We have recently generated an Atm knock-out rat, which was characterized by increased basal inflammation, spinal cord paralysis, and increased tumor incidence [unpublished results] . In that study, we showed that loss of ATM in neurons caused accumulation of cytoplasmic DNA and increased cytokine production and constitutive activation of microglia, pointing to a defect in innate immunity that could contribute to the neurologic phenotype. As mutant Atm protein expression has been shown to influence the phenotype in both A-T patients and in a mouse model, we generated an Atm missense mutant rat to determine whether mutant protein would impact on the inflammation and spinal cord paralysis observed in Atm 2/2 rats.
We describe here the characteristics of the Atm missense rat model showing that similarly to the Atm knock-out rat, it recapitulates the bulk of phenotypes displayed in A-T patients, including cancer development, lack of ATM-dependent signaling in response to DNA damage, and interestingly, loss of motor neurons and elevated neuroinflammation.
MATERIALS AND METHODS

Generation and maintenance of Atm 2/2 rats
An archive of ENU-induced mutant rat sperm from KURMA (Kyoto, Japan) was screened for mutations in the Atm gene. A total of 4608 G1 samples were screened with 11 primer sets that covered 50% of the rat cDNA (see Supplemental Table 1 for details). This was followed by DNA sequence verification of the mismatched nucleotides, sequence comparison, and finally, SIFT analysis (http://sift.jcvi.org/). A total of 3 potential mutations was observed, of which 1 (L2262P) in SIFT analysis was predicted to be intolerant and likely to change the function of ATM. In the laboratory of T.M. (Kyoto University), the frozen sperm of the ATM mutant (L2262P) rat was injected into 100 oocytes of the F344 rat strain by intracytoplasmic sperm injection. Nondegenerating, cleaved 2-cell oocytes were transferred subsequently into the oviductal ampullae of pseudo-pregnant foster Wistar/ST rats. Offspring were tail tipped and genomic DNA extracted and genotyped for the L2262P mutation to detect generation of Atm mutant rats. The derived offspring were then used for several marker-assisted, backcrossing steps finally to retrieve biallelic missense offspring that can be used for phenotypic examinations.
Rats were housed in either the QIMR Berghofer Medical Research Institute or University of Queensland Herston Medical Research Centre. Rats were kept in a 12:12 h light:dark cycle room. Food and water were available ad libitum throughout the course of all experiments. All animal experiments were approved by the Animal Ethics Committees at the University of Queensland and/or QIMR Berghofer Medical Research Institute. Experiments were conducted in accordance with the "Animal Care and Protection Act (QLD) 2001" and "Australian Code for the Care and Use of Animals for Scientific Purposes (2013)." Rats were monitored regularly and daily once evidence of disease onset was observed. Paralyzed rats were euthanized if there was evidence of loss of bladder control, loss of appetite, concurrent tumor development, or distress. mutation. To identify the single nucleotide change, DNA sequencing was performed to identify wild-type, heterozygote, or homozygote rats.
Western blotting
Western blotting and IPs were performed as described previously [33, 34] . Antibodies used here were mouse anti-ATM (2C1; #AB78; Abcam, Cambridge, MA, USA), sheep anti-pSer1981 ATM, described previously [11] , anti-pSer824 and total Kap1 (#NB100-2350 and NB500-158; Novus Biologicals, Littleton, CO, USA), anti-pSer957 (#GTX62029; GeneTex, Irvine, CA, USA), and total SMC1 (#NB100-204; Novus Biologicals).
Flow cytometry analysis
Analysis of lymphocyte populations by flow cytometry using conjugated antibody was performed as described previously [32] . Anti-rat antibodies used for flow analysis were CD3-PE (#554833), CD4-PE Cy5 (#554839), CD8B-FITC (#554973), CD45RA(B220)-allophycocyanin Cy7 (#561624), CD90.1-FITC (#561973), and isotype controls #550616, #553458, #559926, and #557873 (BD Biosciences, San Jose, CA, USA). For all flow cytometry, data analysis was performed on at least 3 independent pairs of animals (i.e., n = 3).
IHC
Tissues were fixed in 10% NBF at 4°C with rocking for 24-48 h before paraffin embedding. Serial tissue section slides of 4 mm thickness were used for H&E staining, IF, and IHC. Before staining, slides were deparaffinized and rehydrated in gradient alcohol by using the Leica Autostainer XL (Leica Biosystems, Buffalo Grove, IL, USA). H 2 O 2 (2-5%) was applied to slides for 10 min at room temperature to remove endogenous peroxidase activity. Antigen retrieval was performed to aid antibody recognition (see Supplemental Table 2 ) and blocked with 20% normal goat serum, 2% fraction V BSA (Equitech-Bio, Kerrville, TX, USA), and 0.2% Triton X-100 (Amresco, Solon, OH, USA) in PBS for 60 min at room temperature. Sections were incubated with specific antibodies (see Supplemental Table 2 ) or PBS as negative control overnight at 4°C in a humidified chamber slide and were then washed in buffer containing 0.5% (v/v) Triton X-100 in PBS, pH 7.4. Secondary diluent (MACH1 Universal HRP-Polymer, Biocare Medical, Concord, CA, USA or Vector ImPRESS HRP-Polymer, Vector Laboratories, Burlingame, CA, USA) was applied for 30 min at room temperature and washed with PBS before incubating with activated DAB solution (Vector Laboratories; 1 ml DAB solution with 1 drop of activator) for 10 s-1 min at room temperature and monitored for color development. Reaction was stopped by dipping the slide into distilled water. Sections were then counterstained with H&E and coverslipped using a Leica Autostainer XL. Sections were scanned by Aperio AT Turbo or Aperio XL (Leica Biosystems) and analyzed with ImageScope software (Leica Biosystems). For all IHC data, multiple sections from at least 3 animals of each genotype were analyzed (i.e., n = 3). For analysis of neuronal numbers, glial activation, and cytokine levels, only animals displaying neurodegenerative phenotype were analyzed (referred to as "sick" or "end-stage" through the manuscript) unless indicated otherwise.
IF
IF on tissue sections was performed as per IHC methods described above, except that the peroxidase step and DAB solution were exchanged for incubation with fluorescently tagged secondary antibodies (Thermo Fisher Scientific, Waltham, MA, USA). Slides were then washed and incubated with Hoechst 33342 dye (EMD Millipore, Billerica, MA, USA) and diluted 1:10,000 in PBS. Slides were mounted with Celvol 603 medium and sections covered with a glass coverslip. Sections were scanned using the Aperio FL (Leica Biosystems) or captured using a digital camera (AxioCam MRm) attached to a fluorescent microscope (Axioskop 2 mot plus; Zeiss, Oberkochen, Germany). All images were compiled using Adobe Creative Suite 6 program (Adobe Systems, San Jose, CA, USA). IF on isolated cells was performed as described previously [32] . For retina samples, IF staining was performed on 10 mm frozen sections without Hoechst incubation, as described previously [35] .
PC quantification
To ensure consistency, all PC and molecular layer measurements were quantified from parasagittal-sectioned cerebellar cortex. All cerebellar slices were stained with H&E or with an antibody to calbindin (Sigma-Aldrich, St. Louis, MO, USA), a molecular marker for PCs. Slides were then scanned using an Aperio XL at 203 or 403 magnification. Calbindin-stained sections were analyzed using ImageScope, where counts were performed in defined areas of 100 mm 2 . PC density was corrected to the length of cortex and molecular layer width in each defined area and compared with age-matched, sex-matched Atm +/+ controls. The investigator performing these experiments was blinded to the genotype of the animals.
Microglia quantification
The Iba-1 antibody specifically labels microglia and was used to identify total activated and resting microglia in rat brain sections. Classification into resting or activated microglia was determined by morphology, where resting microglia were classified as having small perikarya and long, thin processes, whereas activated microglia were classified as having large perikarya and short processes [36] . Sections were scanned using an Aperio FL and counted using ImageScope. Iba-1-positive microglia were counted in the frontal brain or in the cerebellum in predrawn areas, measuring ;520,000 mm and Atm +/+ samples were performed by an investigator blinded to the genotype of the animals.
GFAP quantification
GFAP antibody specifically stains astrocytes and reactive retinal Müller cells. GFAP-immunolabeled sections were scanned using an Aperio AT or Aperio AT Turbo, and GFAP-positive cells were quantified using an analysis algorithm (Aperio Positive Pixel Count V9) in ImageScope. Positive pixel count measures the brown DAB or IF GFAP-stained cells in predrawn boxed areas. The data were presented as the average number of positive pixels/counting area.
Cytosolic dsDNA and ssDNA quantification IHC was used to detect dsDNA and ssDNA in paraffin-embedded, whole-brain sections. dsDNA and ssDNA (MAB1293 and MAB3299; EMD Millipore) antibodies were used to detect dsDNA and ssDNA, respectively. Images were scanned using an Aperio AT or Aperio XT and quantified using an analysis algorithm (Positive Pixel Count V9) in ImageScope. Positive pixel count measures the brown DAB or IF dsDNA or ssDNA staining in predrawn boxed areas of 250 mm 2 in hippocampal or cerebellum region. Quantification of cytosolic DNA, present in the spinal cord, was done by using a freehand selection tool to outline the white matter in the spinal cord sections. Regions that consisted of tears in the tissue from processing and artifacts were not considered. The data were presented as the average number of positive pixels/counting area.
Cytokine quantification
IFN-b (Bs-0787R; Bioss Antibodies, Woburn, MA, USA) and IL-1b (Sc-7884; Santa Cruz Biotechnology, Dallas, TX, USA) antibodies were used to detect the presence of cytokines. IHC was done in paraffin-embedded, whole-brain sections, and images were scanned using an Aperio AT or Aperio XT and quantified using an analysis algorithm (Positive Pixel Count V9) in ImageScope. Positive pixel count measures the brown DAB or IF IFN-b or IL-1b staining in predrawn boxed areas of 250 mm 2 in the hippocampal or cerebellum region.
Quantification of cytokines present in the spinal cord was done by using freehand selection tool to outline the white matter in the spinal cord sections.
Regions that consisted of tears in the tissue from processing and artifacts were not considered. The data were presented as the average number of positive pixels/counting area.
Motor neuron quantification
Following euthanasia, the rat's lumbar spinal cord was incised through the midrib to the sacral. The spinal cord was then obtained by flushing PBS through the vertebral column with an 18 gauge needle-syringe. The lumbar spinal region was identified by a lateral motor column thickening, the presence of dorsal root ganglia and the morphology of the spinal column, and was trimmed accordingly (i.e., rostral and caudal to the lumbar spinal cord enlargement). The trimmed lumbar spinal cords were then fixed in 10% NBF overnight at 4°C. The fixed spinal cords were then serially cross-sectioned at every 10th section (4 mm) through the lumbar spinal cord enlargement to capture the lumbar lateral motor column-the location of motor neurons supplying hind-limb muscles. Slides were then dewaxed and stained with thionine [0.1% (v/v) acetic acid buffer (v/v in water) solution] for 1 h at 55°C, rehydrated in 100% ethanol (2 dips) and 100% xylene (2 dips), and finally, submerged in fresh 100% xylene until all slides were ready to mount. A clearing procedure in ethanol was monitored to ensure equal toning is achieved; if not, the slide was hydrated back from xylene to ethanol and washed with distilled water before thionine stain. Motor neuron counts were quantified in the lateral motor columns bilaterally, and only neurons that were identified as large (;30-45 mm in diameter), possessing a darkly stained cytoplasm with a distinct pale nucleus (not condensed and darkly stained) and darkly stained nucleoli, were counted. It has been reported that these strict motor neuron criteria ensure that the same neuron (a-motor neuron) is counted in adjacent sections [37] [38] [39] . This size-exclusion criterion also excludes putative g-motor neurons, oligodendrocytes, microglia, and astrocytes from the counts. Landmark identification was aided by the used of rat spinal cord atlas [40] . Motor neuron counts were performed on 40 serial sections, and total count was multiplied by 10 to give an estimate of total cell numbers in the lumbar spinal region [37] [38] [39] . Motor neuron counts for sick Atm
animals were performed only on animals showing a paralysis phenotype.
ApopTag assay for apoptosis
ApopTag in situ apoptosis detection kit (EMD Millipore) was used to stain apoptotic nuclei in the brain. ApopTag assay was performed by a QIMR Berghofer histologist. Methyl Green counterstain (Sigma-Aldrich) in 0.1 M sodium acetate, pH 4.2, was used for all ApopTag-labeled sections.
Quantitative PCR
RNA was isolated from indicated tissues and real-time PCR reactions were performed as described previously [41, 42] .
Statistical analysis
Graph plotting and statistical evaluations of data sets were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). The Kaplan-Meier estimator was used to generate survival curves and to estimate the median survival. Differences between survival curves were calculated using a log-rank test. Both Student's t test and nonparametric analyses were used to evaluate statistical comparisons in neuronal cell (microglia, motor neurons) quantification studies. Differences were considered to be significant if P , 0.05, 2-tailed t tests. Data are presented as means 6 SEM from at least 3 separate experiments run in triplicate or at least 3 biologic replicates (n = 3), unless otherwise indicated.
RESULTS
Generation of Atm missense mutation rats
To generate rats with a missense mutation, we screened sperm from ENU-mutagenized rats for mutations in the Atm gene, as described previously [43] and summarized in Fig. 1A . In short, Mashimo et al. [43] combined a method for the detection of single nucleotide mismatches by Mu transposition with a highthroughput DNA screening method for ENU-mutagenized G1 rats. They generated a frozen sperm repository (;5000 samples), titled KURMA. Samples (4608) were screened using 11 sets of primers to cover ;50% of the rat Atm cDNA. A sample of the amplified products is shown in Supplemental Fig. 1A . Out of 3 Atm missense mutations detected, the exchange of T to C at base position 6797 (T6797C) gave rise to L2262P and was predicted to be intolerant using the SIFT analysis program. This program is able to distinguish between functionally neutral and deleterious amino acid changes (http://sift.jcvi.org; Fig. 1B and Supplemental Fig. 1B) . A search of the Leiden Open Variation Database entry for ATM did not detect this specific change in any of the A-T mutations listed, but short deletions in the region causing frame shifts inactivated ATM. The alignment of ATM sequences containing the mutated L (L2262 for rat) shows that it is well conserved in other species (Fig. 1C) . Sperm was then used for ICSI for the generation of Atm + /L2262P rats. Of 121 oocytes injected, 17% gave rise to live births, and 2 of these (male and female) were mutated for Atm (L2262P). With the use of conventional breeding techniques, heterozygotes were then crossed to generate Atm L2262P/L2262P homozygotes, which were viable, as expected. For simplicity, Atm L2262P/L2262P will, from now on, be abbreviated as Atm LP/LP .
We next developed a method for genotyping. Primer pairs were designed to amplify a 342 bp product by PCR from Atm LP/LP rat DNA (Supplemental Fig. 1C ). To identify the single nucleotide change, DNA sequencing analysis was performed to identify wild-type, heterozygote, or homozygote rats (Supplemental Fig. 1D 1E ). We further examined ATM kinase activity by using control and irradiated spleen extracts from Atm LP/LP and wild-type rats, as well as hLCL as a control. Western blotting was performed using anti-SMC1 (pS597) and anti-KAP1 (pS824) on total protein extracts from spleens of Atm LP/LP and wild-type rats, with and without irradiation treatment. In parallel, total anti-SMC1 and anti-KAP1 antibodies were used to analyze total protein levels. A weak signal for pKAP1 (pS824) was detected in Atm LP/LP rat tissues following irradiation, but pSMC1 was not detected. This may be a result of the generally weaker detection of pSMC1 in rat compared with human samples. Both pKAP1 and pSMC1 were detected in wild-type rat tissues postirradiation, as expected (Fig. 1F) . These results indicate the presence of a low amount of ATM protein, which gives rise to a residual amount of ATM kinase activity.
Gross phenotype of Atm LP/LP rats replicates symptoms seen in A-T patients
A significantly reduced lifespan of Atm LP/LP rats compared with Atm +/+ rats was observed ( Fig. 2A) , but unlike the Atm 2/2 rats, no significant difference in life expectancy between female and male Atm LP/LP rats was observed (Fig. 2B) . Overall, there was no significant difference in lifespan between Atm 2/2 and Atm LP/LP rats ( Fig. 2A) , but Atm LP/LP females survived significantly longer than Atm 2/2 females (Fig. 2C ), with this difference not apparent in males (Fig. 2D) . Taken together, our data suggest that the small amount of ATM protein expression may be enough to protect female rats from the mechanism causing a sex bias in lifespan in Atm 2/2 rats. Hind-limb paralysis (Supplemental Videos 1 and 2) and tumor formation were consistent features in both strains of mutant rat (Atm 2/2 and in Atm LP/LP ) that reflect the clinical presentation of A-T patients. Forty-five percent (30 out of 67) of Atm LP/LP rats succumbed to hind-limb paralysis, with the remaining succumbing to tumor burden. This is similar to the presentation in Atm 2/2 rats, where 50% of animals developed hind-limb paralysis. Tumors and lymphomas were often detected in paralyzed rats, but these cancers were not as advanced as rats that were euthanized as a result of the presence of tumor alone; in fact, many cases of tumor were not obvious until pathology analysis was performed on tissues from the paralyzed animals (see details below and Table 1 ). Both male and female Atm LP/LP rats succumbed to tumor burden at an average age of 9 mo (Fig. 2E) . Interestingly, a significant number of female Atm LP/LP rats succumbed to hind-limb paralysis earlier than male Atm LP/LP rats (Fig. 2F) , suggesting a sex difference in disease presentation rather than in total lifespan in Atm LP/LP rats. To characterize further the pathologies present, tissues were fixed, paraffin embedded, processed, and stained with H&E (Table 1) . Upon gross morphologic examination of tissues from sick animals stained with H&E, a lack of architecture and an abnormal cellular composition were observed (Fig. 3A) . Furthermore, adipose cells in the bone marrow were observed to be displaced by leukemic infiltrates. To examine further the nature of hematopoietic cells in the lymphoid tissues, spleen, thymus, and liver were stained with a T cell marker (CD3 antibody). A lower CD3-positive staining was observed in Atm LP/LP rat spleen and thymus compared with wild-type rats, indicating a decrease in the presence of mature T cells during disease state, possibly being displaced by cancer cells (Fig. 3B) . Unfixed portions of spleen, thymus, and bone marrow were analyzed by flow cytometry to determine the predominant cell type in lymphomas/leukemias in Atm LP/LP rats. Staining indicated that the tumors were derived from early T cells (CD90.1 + CD3 2 ; Fig. 3C ) or pre-T cells that expressed CD4 but had lost expression of CD90.1. Both of these tumor types were also observed in Atm 2/2 rats but with the vast majority of the CD90.1 + subtype. The reason behind this difference will be investigated further in future studies. A-T patients and Atm 2/2 rats show a defect in development of T cell subpopulations before disease onset. Flow cytometry analysis of thymocytes was performed using 6-wk-old Atm LP/LP rats and matched wild-type littermates. Overall, we observed a significant decrease in CD3-positive cells compared with wildtype littermates (Fig. 3D) . Thymocytes from Atm LP/LP rats also displayed a significant increase in CD4 + /CD8 + immature, double-positive thymocytes compared with wild-type controls (Fig. 3E) . Taken together, these results suggest that ATM is required for T cell differentiation, and the defect in T cell development may result in the high incidence of lymphoma and leukemia later in life. These data show that Atm LP/LP rats recapitulate the T cell phenotype observed in A-T patients. We also determined whether the Atm LP/LP rats recapitulated other aspects of A-T disease. For example, A-T patients [44] and Atm 2/2 mice do not develop mature gametes and are consequently infertile. This infertility is a result of the inability to repair the high level of DNA damage occurring during meiotic recombination [45] . In this study, we found that Atm LP/LP rats are also infertile with H&E staining, revealing that in male Atm LP/LP rats, seminiferous tubules of testes lacked structure, with spermatids and spermatozoa completely absent, and in female Atm LP/LP rats, ovaries lacked maturing follicles and oocytes (Supplemental Fig.  2A and B). Similar to Atm 2/2 rats, the testes of Atm LP/LP rats were positive for markers of oxidative (8oxodG) and nitrosative (4-hydroxynonenal and nitro-tyrosine) damage that has limited detection in tissues from wild-type littermates (Supplemental Fig.  3A-C) . Apoptotic degeneration has been reported in germ cells in the ovaries and testes of Atm 2/2 mice, contributing to testicular degeneration and leading to infertility [44] . To confirm whether testicular degeneration in Atm LP/LP rats was a result of spermatogenic cell apoptosis, TUNEL was performed on paraffinembedded sections of Atm LP/LP and wild-type littermates to detect apoptotic cells. The seminiferous tubules of Atm LP/LP rats contained a significantly increased number of TUNEL-positive germ cells compared with wild-type littermates (Supplemental Fig.  3D and E).
Neuroinflammation in Atm LP/LP rats
A further hallmark of A-T is the progressive neurodegeneration, characterized by cerebellar atrophy and loss of PCs, that gives rise to ataxia in patients [3] . Some abnormalities reported in the literature include misplaced PCs in the molecular layer, evidence of decreased dendritogenesis, and severe thinning of molecular and granule cell layers in A-T patients [29] . However, as observed in Atm 2/2 rats, the cerebellum of Atm LP/LP rats appeared to be normal in size compared with wild-type littermates (Fig. 4A) . Furthermore, there was no significant loss of PCs observed in Atm LP/LP rats. PC density was examined using H&E-stained cerebellum sections and sections stained with anti-calbindin antibody, which specifically stains PCs (Fig. 4B) . A quantitative method was used to measure the density of PCs, distance between PCs, and the molecular layer thickness. Overall, there were no significant differences in PC number or distance between them in Atm LP/LP rats compared with wild-type rats nor was a difference detected in the molecular-layer thickness ( Fig. 4C-E) . Loss of ATM leads to accumulation of unrepaired DNA damage, which can lead to accumulation of DNA in the cytoplasm of cells [46] . Atm 2/2 rats displayed an increased DNA damage burden and showed strong accumulation of both dsDNA and ssDNA in the cytoplasm of both neurons and glia in the brain, cerebellum, and spinal cord [unpublished results]. Atm LP/LP rats also showed a strongly positive signal for both cytoplasmic 
05). (E) In addition, a significant increase of CD4
+ /CD8 + immature, double-positive thymocytes was observed in Atm LP/LP rat thymocytes than compared with wild-type (**P , 0.01; n = 3). Data are plotted the means 6 SEM. Student's t test, P , 0.01. Statistical significance was determined using Prism 6 software. dsDNA and ssDNA in the hippocampus, cerebellum, and spinal cord, whereas no signal was detected in age-matched, wild-type littermates [ Fig. 5 (dsDNA) and Fig. 6 (ssDNA) (Fig. 7) . Interestingly, Atm 2/2 rats showed greater induction of IL-1b in the cerebellum than did Atm LP/LP rats. This trend was also observed in the spinal cord (Fig. 8) . These data suggest that there may be an additional role for ATM in controlling IL-1b, where low levels of ATM protein in Atm LP/LP animals can provide some protection against inflammation. ATM has been reported to control NF-kB activation via the phosphorylation of p65 subunit [47] . Therefore, we measured nuclear translocation of p65 in rats. Atm LP/LP rats showed significantly increased nuclear p65 staining in the parahippocampal region of the brain (Fig. 9A and B) and in the spinal cord ( Fig. 9C and D) , similar to that previously observed in Atm 2/2 rats ( Fig. 9B and D) . We were unable to determine a difference in NF-kB activation leading to IL-1b production between Atm 2/2 and Atm LP/LP rats, as a result of low p65 levels in the cerebellum (data not shown). Therefore, we went on to examine general cellular activation and neuroinflammation in these animals. Iba-1 antibody, a microglia-specific marker, was used to detect resting and activated microglia in paraffin-embedded brain sections. Overall, a significant increase in microglial activation in the cerebral cortex and cerebellum was detected in sick Atm LP/LP rats (those showing overt disease symptoms; see Materials and Methods) compared with wild-type littermates ( Fig. 10A and B) . The quantification of activated microglia was accomplished by identifying short and stubby-shaped cells (described as ameboid), which are morphologically indicative of activation. We further observed a significant decrease in microglia density in the cerebral cortex but not in the cerebellum of sick Atm LP/LP rats (Fig. 10C) . Spinal cord sections from Atm LP/LP rats showed a large increase in microglia nuclear ssDNA was detected in some motor neurons from Atm LP/LP rats but was not found in wild-type motor neurons. Arrows show ssDNA-positive lumbar spinal cord motor neurons. (D) Quantification of intensity of staining of ssDNA in hippocampus, cerebellum, and spinal cord. Bars show the means 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001; ns, not significant. P values calculated by unpaired t test in Prism 6 (n $ 3). Bars show the means 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001; ns, not significant. P values calculated by unpaired t test in Prism 6 (n $ 3).
compared with wild-type animals ( Fig. 10D and E) , but in this anatomic environment, the microglia maintained a similar morphology. Similar to the findings in Atm 2/2 rats, there was no significant difference in astrocyte number or activation in the brain, cerebellum, or spinal cord of Atm LP/LP rats compared with age-matched, wild-type littermates (Supplemental Fig.  4A-D) . Telangiectasia are one of the cardinal features of A-T [3] , and increased vascular permeability and activation of glial cells were reported in the retina of Atm 2/2 mice [48] . Likewise, there was increased glial cell activation in the retina of sick Atm LP/LP animals, as well as Atm 2/2 rats [unpublished results] (Supplemental Fig. 4E-G) .
The above findings indicate that substantial neuroinflammation occurs in Atm LP/LP rats. We analyzed mRNA levels of IL-8, IL-1b, and Ccl2 in the brain and cerebellum. Although not significant, an overall trend of decreased Ccl2 and increased IL-1b was observed in the cerebellum, similar to Atm 2/2 rats (Fig. 11A ), but Atm 2/2 rats showed more IL-1b in the brain than Bars show the means 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001; ns, not significant. P values calculated by unpaired t test in Prism 6 (n $ 3).
Atm
LP/LP rats and also showed decreased Ccl2 in the brain, whereas levels in Atm LP/LP rats were similar to wild-type. These data again suggest that in some aspects, the degree of inflammatory dysregulation in Atm LP/LP rats is less than that observed in Atm 2/2 rats. We also examined the levels of additional M1 (TNF-a, IFN-b) and M2 (IL-10 and TGF-b) markers in the brain and cerebellum (Supplemental Fig. 5 ). The levels observed in Atm LP/LP rats were similar to those seen in Atm 2/2 rats, with both M1 and M2 markers elevated. As described previously by Stirling et al. [49] , these findings may suggest that microglia respond to the basal inflammation in an attempt to regulate the microenvironment in the brain and cerebellum.
Neuroinflammation can cause increased death of neurons and glia [50] [51] [52] . Hence, we next investigated whether cell death was increased in the brains of paralyzed Atm LP/LP rats. The presence of neuronal cell death was detected using the ApopTag assay. Positively stained ApopTag neuronal cells within the cerebellum and corpus callosum were observed in paralyzed Atm LP/LP rats but not in age-matched, wild-type littermates (Fig. 11B) . However, no apoptotic cells were detected in the hippocampus of either paralyzed Atm LP/LP rats or age-matched, wild-type rats (Fig. 11B,  right) . Motor neurons in the spinal cord of Atm LP/LP rats also stained positively for ApopTag (Fig. 11C) . We also determined motor neuron numbers in spinal cords from paralyzed Atm LP/LP rats. Similarly to Atm 2/2 rats, a significant decrease of motor neurons in Atm LP/LP rats compared with age-matched, wild-type littermates was observed, suggesting that the loss of motor neurons might contribute to the paralysis phenotype ( Fig. 11D and E).
DISCUSSION
Here, we have described a new rat model of the disorder A-T. This model was designed to reflect a mutation type detected in A-T patients (i.e., varied point mutations leading to low expression of the ATM protein). In general, Atm LP/LP rats phenocopied what was observed in rats lacking ATM (Atm 2/2 rats). The Atm LP/LP rats had a significantly shorter lifespan than their wild-type littermates and were euthanized mainly as a result of development of hind-limb paralysis and cancers. These rats recapitulated the major symptoms of A-T patients, including neurodegeneration, immunodeficiency, infertility, and cancer susceptibility. Atm LP/LP rats showed evidence of accumulated cytosolic DNA and induction of neuroinflammation in these animals. Neuroinflammation is a characteristic of many neurodegenerative diseases, including Alzheimer's disease and amyotrophic lateral sclerosis (motor neuron disease), although it has frequently been assumed to be a consequence rather than a cause of neural disease development and progression [53] . Atm LP/LP rats, similarly to Atm 2/2 rats, showed signs of neuroinflammation before obvious neural disease onset, and accordingly, we propose that inflammation is a mechanism that drives neural disease development in this disorder rather than a consequence of disease progression. We have previously suggested that A-T is an autoinflammatory disease, where loss of ATM leads to neuroinflammation and subsequent dysregulation of the microenvironment and the glial compartment of the CNS, leading to death of neurons, as seen with ApopTag staining in Atm LP/LP rats (Fig.  11) . Damage-associated molecules released from the dying cells, including DNA and alarmin proteins, such as high-mobility group box 1, then feed back to glial cells, further exacerbating neuroinflammation, creating an autoinflammatory loop. Both the Atm LP/LP and Atm 2/2 rats show evidence of this autoinflammatory loop. However, there were some differences between the 2 models (detailed below). Atm LP/LP rats still express a very low amount of ATM protein (Fig. 1E) [24, 54, 55] , and it has been hypothesized that the severity of phenotype depends on the amount of residual ATM kinase activity, where a higher level of residual ATM kinase activity leads to a less severe phenotype [56, 57] . Whether these differences in level of inflammation between Atm 2/2 and Atm LP/LP rats account for the sex differences observed is unclear. Sexspecific immune regulation has been described previously. For example, under resting conditions, females produce more Th1-derived cytokines (IL-12, IFN-g) than males and when pregnant, promote Th2 responses (IL-10, IL-4) [58, 59] . Notably, both genders of A-T are infertile, and as such, the Th1 bias would exist in A-T female patients throughout their lifespan. However, there are indications that the low levels of estrogen in A-T patients can contribute to neuroinflammatory progress in A-T [60] . In many neurodegenerative diseases, such as in Parkinson's disease, a neuroprotective effect of estrogen [61] has been observed. These studies demonstrated that this neuroprotective effect resulted from the reduction of microglial inflammatory activity and expression of cytokines and chemokines [62] [63] [64] [65] [66] . This suggests that the low level of estrogen in A-T might exacerbate microglial activation during neurodegenerative processes [67] . These possibilities are under further investigation.
One outstanding question is why rats lacking ATM display a neurologic phenotype when multiple mouse models of A-T have not displayed these characteristics. A number of different animal models have been generated for A-T, and although all of them recapitulate some of the symptoms and cellular characteristics of A-T, none reproduce the neurodegenerative phenotype. The major focus has been on mouse models, where in the majority of cases, disruption of the Atm gene at different positions across the gene has been used [30] . These animals displayed radiosensitivity, infertility, immunologic abnormalities, and a cellular phenotype similar to that seen with A-T cells but not ataxia or neurodegeneration [31] . However, a range of neurologic abnormalities has been reported, including neurobehavioral defects (e.g., rotarod performance) [68] , evidence of oxidative stress in PCs [69] , decreased survival of PCs in vitro [70] , selective loss of nigro-striated neurons in the striatum and ventral segmented area [71] , impaired vascularization and astrocyteendothelial cell interactions in the CNS, and a breakdown of synchronization in neuronal networks after exposure to plotted as the means 6 SEM. Student's t test, *P , 0.05, **P , 0.01, ***P , 0.001. Statistical significance was determined using Prism 6 software. DNA-damaging agents [48, 72] . A knock-in mouse model expressing a mutant form of Atm, corresponding to a common patient mutation [7636del9, resulting in the loss of 3 amino acid residues (serine, arginine, isoleucine; 2556-2558)], had a significantly longer lifespan than Atm 2/2 mice when maintained under nonspecific, pathogen-free conditions, which could be accounted for by a lower incidence of thymic lymphomas and extensive apoptosis in these lymphomas [73] . These Atm knock-in mice also expressed a significant amount of mutant ATM protein that could account for the difference in phenotype when compared with Atm 2/2 mice expressing no protein.
We have shown here that in contrast to Atm 2/2 mice, Atm
rats do display neurodegeneration in the loss of motor neurons in the spinal cord and also dysregulation of the microenvironment of the brain and cerebellum, resulting in extensive neuroinflammation and microglial activation. It is possible that the difference in mouse and rat models is purely a species difference. There is evidence of inflammation in mice in peripheral tissues [46] ; however, maybe mice are more able to control autoinflammation in the CNS compared with rats or humans. There are known differences in inflammatory responses and inflammatory gene families between mice and humans [74] [75] [76] [77] ; however, less is known about these responses in rats. Given that rats do not display the cerebellar degeneration seen in patients, they may represent an intermediate between mice and humans. There are a number of inflammatory pathways that differ between mouse and human; one of interest is the AIM2 inflammasome, which along with the cGMP-cAMP synthasestimulator of IFN gene pathway, recognizes the presence of cytosolic dsDNA [41] . We see little evidence for inflammasome formation in ATM 2/2 cells in the rat brain, despite accumulation of cytosolic DNA (data not shown). Whereas this may be a result of the exact physical characteristics of the DNA released into the cytoplasm following DNA damage (shorter, on average, than an ideal AIM2 activator) [46] , it may also be a result of fundamental differences in inflammasome activation in microglia and neurons compared with the frequently studied peripheral immune cells. Furthermore, there are differences in the AIM2 family of proteins among mice, rats, and humans [75] , which may alter the extent of AIM2 activation. For example, the AIM2 family member p202, which negatively regulates AIM2 activation, is expressed in mice, but there are no clear p202 orthologs in rats or humans [75] . Recently, Beraldi et al. [78] developed a pig model of A-T; pigs lacking ATM showed some evidence for a decrease in PC numbers and motor deficits, but there did not appear to be progressive neurodegeneration. A fuller understanding of the differences among species is required before we can explain the phenotypic differences seen between Atm 2/2 mice and rats and more importantly, between animal models and A-T patients. Another interesting area is the contribution of oxidative stress to disease development and progression in A-T. Increased levels of oxidative damage to tissues have been reported for Atm 2/2 mouse models [30, 70, 79] , and we describe increased oxidative and nitrosative damage in Atm LP/LP testes here. A-T patients have high levels of lipid peroxidation products in plasma samples and high levels of the oxidative stress marker 8oxodG in DNA samples [80] . Antioxidants, such as Tempol [81] (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl), NAC (N-acetyl cysteine) [19, 82] , EUK-189 (a salen-manganese complex and superoxide dismutase/catalase mimetic) [83] , and CTMIO (5-carboxy-1,1,3,3-tetramethylisoin-dolin-2-yloxyl) [20] , have also been shown to correct neurobehavioral defects and delay tumor onset, resulting in an extended lifespan in Atm 2/2 mice. These data strongly suggest that oxidative stress is contributing to disease progression in animal models of A-T; however, all of these compounds can also act on other pathways (including reducing inflammation, DNA damage, and blood pressure [84, 85] ), and these functions may also be contributing to the amelioration of disease phenotype. In rats, we have seen some limited evidence of increased oxidative damage but not nitrosative damage in the brain and spinal cord-only in animals with end-stage disease (data not shown). This is an area of ongoing investigation and may be an area where there are again species differences among mouse, rat, and human. In summary, the picture that emerges is that the Atm missense mutant model that we have characterized recapitulates most of the phenotype in A-T patients. It goes beyond that in the mouse models in exhibiting loss of motor neurons, microglial cell activation, and spinal cord paralysis. In this respect, our Atm missense rat resembles missense mutants in adult-onset A-T patients, where distal spinal atrophy is a major feature in at least some of these patients [28, 29] . In short, Atm LP/LP rats provide a new model from studying disease development and progression in A-T, particularly with respect to the involvement of a proinflammatory phenotype in development and progression of neurodegeneration in A-T and that targeting inflammation is a tractable option for future therapy for A-T patients.
significant differences in IL-8 transcript levels were observed in the brains and cerebellum across 3 genotypes (left graphs). Data are plotted as the means 6 SEM. Student's t test, *P , 0.05, **P , 0.01. P values were determined using Prism 6 software. hprt, Hypoxanthine phosphoribosyltransferase. 
